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We  examined  the  association  between  childhood  ﬁtness  and  functional  connectivity.
Lower-ﬁt  and  higher-ﬁt  children  performed  a visual  search  task.
Functional  connectivity  was  assessed  using  phase-locking  values  (PLVs).
Higher  ﬁtness  was  associated  with  greater  brain  functional  connectivity.
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a  b  s  t  r  a  c  t
Several  studies  have  indicated  that higher  levels  of  childhood  aerobic  ﬁtness  is associated  with  superior
cognitive  function,  and this  association  is disproportionately  observed  in  tasks  requiring  greater  top-
down  control.  We  designed  the current  study  to clarify  the  relationship  between  childhood  ﬁtness  and
top-down  control  in  terms  of  functional  connectivity  among  brain  regions,  by  evaluating  phase-locking
values  (PLVs),  which  is  a measure  of  frequency-speciﬁc  phase  synchrony  between  electroencephalo-
graphic  signals  during  a visual  search  task.  Lower-ﬁt  and  higher-ﬁt  children  performed  a  visual search
task  that  included  feature  search  and  conjunction  search  conditions.  The  conjunction  search  condition
required  greater  top-down  control  to  reduce  interference  from  task-irrelevant  distractors  that  shared  a
basic  feature  with  the  target.  Results  indicated  that  higher-ﬁt  children  exhibited  higher response  accu-
racy  relative  to lower-ﬁt  children  across  search  conditions.  The  results  of  PLVs  showed  that  higher-ﬁt
children  had  greater  functional  connectivity  for the  conjunction  relative  to  the  feature  search  condition,
whereas  lower-ﬁt  children  showed  no difference  in functional  connectivity  between  search  conditions.
Furthermore,  PLVs  showed  different  time  courses  between  groups;  that  is, higher-ﬁt  children  sustained
upregulation  of  top-down  control  throughout  the  task  period,  whereas  lower-ﬁt  children  transiently
upregulated  top-down  control  after  stimulus  onset  and  could  not  sustain  the  upregulation.  These  ﬁnd-
ings suggest  that higher  levels  of  childhood  aerobic  ﬁtness  is related  to  brain  functional  connectivity
involved  in  the  sustained  upregulation  of top-down  control.
© 2016  The  Author(s).  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC  BY. Introduction
Higher levels of aerobic ﬁtness have been associated with supe-
ior cognitive function in children [1,2]. Being physically active is
nown to be positively associated with aerobic ﬁtness [3]. However,
t is likely that aerobic ﬁtness relates more strongly to childhood
ognitive function than physical activity [4]. For example, it has
∗ Corresponding author.
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ttp://dx.doi.org/10.1016/j.neulet.2016.08.051
304-3940/© 2016 The Author(s). Published by Elsevier Ireland Ltd. This is an open acceslicense (http://creativecommons.org/licenses/by/4.0/).
been suggested that physical activity leading to increases in aer-
obic ﬁtness during childhood plays a role in cognitive health and
development [5,6]. These ﬁndings are important because of grow-
ing concerns about the epidemic of childhood inactivity [7,8]. Some
studies have indicated that the positive association between child-
hood aerobic ﬁtness and cognitive function is disproportionately
observed in task conditions requiring greater top-down control
[4,9–11]. Given that brain regions involved in top-down con-
trol have demonstrated protracted development relative to other
regions associated with more basic functions [12], the strong rela-
tionship between aerobic ﬁtness and top-down control appears
s article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Mean (SD) values for participant demographics and ﬁtness data.
Measure Lower-Fit Higher-Fit
No. of participants 16 (8 girls) 16 (8 girls)
Age (years) 11.8 (1.0) 12.4 (1.2)
PACER (no. of laps)a 37.2 (9.4) 87.9 (19.7)
PACER (percentile)a 16.8 (9.2) 85.9 (10.1)
Body mass index (kg/m2) 18.8 (2.5) 18.1 (1.9)
Body mass index (percentile) 56.7 (26.3) 42 (20.3)
Maternal education 2.4 (1.1) 3 (0.9)
Note: Maternal education was assessed using a ﬁve-point scale ranging from 1 (did
not complete high school)  to 5 (earned an advanced degree).20 K. Kamijo et al. / Neuroscie
o be reasonable. Top-down cognitive control is crucial for vari-
us aspects of an individual’s life, such as success in school during
hildhood, as well as mental and physical health [13]. Therefore,
he relationship between childhood ﬁtness and top-down control
eed to be further elucidated. We  designed the current study to
nvestigate the relationship between childhood aerobic ﬁtness and
op-down control in terms of functional connectivity among brain
egions, by evaluating phase locking values (PLVs) during a visual
earch task.
The visual search task consisted of two task conditions: feature
earch and conjunction search (Fig. 1A). In the feature search con-
ition, distractors shared no feature with the target, whereas in the
onjunction search condition, distractors shared one of two basic
eatures with the target, either color or orientation. A conjunction
earch task requires greater top-down control to reduce interfer-
nce from task-irrelevant distractors that share a basic feature
ith the target [14]. To investigate the mechanisms of top-down
ontrol in visual search tasks, Phillips and Takeda [15] assessed
LV, a measure of frequency-speciﬁc phase synchrony between
lectroencephalograms (EEGs) from two electrodes, that is consid-
red to reﬂect long-distance functional connectivity between brain
egions [16]. Phillips and Takeda [15] observed greater frontal-
arietal PLVs during the conjunction search condition relative to
he feature search condition, at a frequency band of 22–34 Hz.
imilarly, a monkey study [17] demonstrated that the coherence
f local ﬁeld potentials between frontal and parietal regions was
reater during a conjunction search task than a feature search
ask. A simulation of the neural mass model suggested that the
2–34 Hz frequency band reﬂects bidirectional information trans-
er between brain regions, which is assumed to be involved in
op-down control [18]. Taken together, these studies suggest that
LVs at the frequency band of 22–34 Hz reﬂect top-down control.
e previously examined the association between physical activity
evels and top-down cognitive control using PLVs in young adults
19,20]. Results indicated that physically active individuals exhib-
ted greater PLVs for task conditions requiring greater top-down
ontrol relative to physically inactive individuals, suggesting that
igher levels of physical activity are related to greater functional
onnectivity among brain regions involved in top-down control.
he present study is a novel examination of the association of
hysical activity/ﬁtness and cognition in children by means of neu-
oelectric measures of top-down control.
We  employed a cross-sectional design, comparing task per-
ormance measures and PLVs of lower-ﬁt and higher-ﬁt children
uring a visual search task. If childhood ﬁtness is associated with
op-down processes, higher-ﬁt children should exhibit superior
ask performance (i.e., higher response accuracy and shorter reac-
ion time, or RT) and greater PLVs for the conjunction search
ondition relative to their lower-ﬁt peers, and this group difference
hould be smaller for the feature search condition.
. Materials and methods
.1. Participants
We  recruited children aged between 10 and 14 years old from
lementary and middle schools in Kanoya city (southwest Japan).
he schools provided a list of children who were interested in par-
icipating, as well as information about the children’s scores on a
eld test of aerobic capacity (i.e., Progressive Aerobic Cardiovascu-
ar Endurance Run, or PACER, also known as the 20-m shuttle run
est). PACER was performed at the participants’ schools approxi-
ately 4 months before the current experiment, according to the
rotocol of Leger, et al. [21]. The recorded score was the total num-a Unpaired t-test, p < .05. PACER: Progressive Aerobic Cardiovascular Endurance
Run.
ber of laps completed, with a higher number of laps indicating a
higher level of aerobic capacity.
A total of 38 children participated in this study. They were bifur-
cated into lower-ﬁt and higher-ﬁt groups on the basis of whether
their PACER scores fell below the 30th percentile or above the 70th
percentile of normative data provided by the Japanese Ministry of
Education, Culture, Sports, Science and Technology [22]. Data from
six participants were discarded due to incompletion of the visual
search task, technical problems, or excessive noise in the EEG sig-
nal. Analyses were conducted for 16 lower-ﬁt and 16 higher-ﬁt
children. Table 1 lists the participants’ demographic and ﬁtness
information. Because socioeconomic status has been associated
with cognitive function [23], we assessed maternal educational
attainment as a proxy for socioeconomic status [24,25]. Except for
the ﬁtness measures, the other demographic measures did not dif-
fer between groups, ts(30) ≤ 1.8, ps ≥ 0.09. Prior to testing, legal
guardians reported that their children were free of neurological
diseases, attention disorders (≤80th percentile on the ADHD Rat-
ing Scale IV) [26], and physical disabilities, and all had normal or
corrected-to-normal vision. None of the children received special
education services related to cognitive or attentional disorders. All
participants and their legal guardians provided written informed
consent in accordance with the ethics committee of the National
Institute of Fitness and Sports in Kanoya. We  also asked participants
to perform a source memory task in order to assess their memory
function. Those data are beyond the scope of this paper and will be
reported elsewhere.
2.2. Visual search task
Fig. 1A shows a schematic illustration of the sequence of events
in the visual search task used in this study. Each trial consisted of
four phases: ﬁxation (1500 ms), target cue (1000 ms), second ﬁx-
ation delay (1000 ms), and search display (2500 ms). The display
background was  black, and the viewing distance was  approxi-
mately 57.3 cm. The ﬁxation was  a ﬁlled white circle (visual angle
0.3◦ in diameter). During the target cue phase, a red or blue rect-
angular bar was  presented horizontally or vertically at the center
of the display. The four types of target cue (i.e., 2 colors × 2 orien-
tations) were presented in a randomized order. The rectangular
bar subtended 2.4◦ × 0.3◦. During the search display phase, four
rectangular bars (1 target and 3 distractors) were presented simul-
taneously at four locations (upper left, upper right, lower left, lower
right). The target location was randomly changed from trial to trial.
The center-to-center distances between two  adjacent rectangular
bars were constant (visual angle of 6◦). This task required partici-
pants to identify the location of the target during the search display
phase by pressing a key on the computer keyboard using their index
or middle ﬁnger: A (upper left), K (upper right), Z (lower left), or M
(lower right). Both speed and accuracy were stressed. Participants
completed 80 trials in the feature search condition and 80 trials in
K. Kamijo et al. / Neuroscience Letters 632 (2016) 119–123 121
A
Fixation (1500 ms) Target (1000 ms) Fixation (1000 ms) Search (2500 ms)
or
Feature Conjunction
Time (ms)
200 400 600 1000
-1
0
1
2
3
Higher-fit
800
Feature
Conjunction
*
*
*
N
or
m
al
iz
ed
 P
LV
 (z
-s
co
re
)
Time (ms)
200 400 600 1000
-1
0
1
2
3
Lower-fit
Feature
Conjunction
800
*
*
* * *
* *†
0
1
2
3
Group×Condition
Lower-fit Higher-fit
Feature
Conjunction
N
or
m
al
iz
ed
 P
LV
 (z
-s
co
re
)
‡
D
Higher-fit
Time (ms) Time (ms)
Lower-fit
Fr
eq
ue
nc
y 
(H
z)
Fr
eq
ue
nc
y 
(H
z)
Fe
at
ur
e 
se
ar
ch
C
on
ju
nc
tio
n 
se
ar
ch
4
-2
0
-4
N
or
m
al
iz
ed
 P
LV
 (z
-s
co
re
)
2
22
58
54
50
46
42
38
34
30
26
-200 0 200 400 600 800 1000
22
58
54
50
46
42
38
34
30
26
-200 0 200 400 60 0 800 1000
22
58
54
50
46
42
38
34
30
26
-200 0 200 400 600 800 1000
22
58
54
50
46
42
38
34
30
26
-200 0 20 0 400 60 0 800 1000
B C
Fig. 1. (A) A schematic illustration of the sequence of events in the present visual search task. (B) Time-frequency plots of normalized PLVs for each group and condition.
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ehite boxes indicate the region of interest (22–34 Hz) of each time epoch used in t
poch.  *p < 0.0014 (i.e., Bonferroni correction) vs. epoch 200–300 ms, †p < 0.0014 vs.
ondition collapsed across time epochs, illustrating the Group × Condition interacti
he conjunction search condition (16 trials × 5 blocks in each con-
ition). The task duration was 16 min, with a short break between
locks. The order of conditions was counterbalanced across partic-
pants (i.e., ABAB... or BABA...). In the feature search condition, the
hree distractors shared no features (i.e., neither color nor orienta-
ion) with the target, whereas in the conjunction search condition,
he three distractors shared one of the features (i.e., color or ori-
ntation) with the target. Several practice trials were given before
he task began to acquaint the participants with the procedure. The
ask was programmed in MATLAB (MathWorks Inc., Natick, MA,
SA) using the Psychophysics Toolbox [27].
.3. Recording and data analysis
EEG activity was recorded using a 32-channel Quik-Cap and
uAmps ampliﬁer (Compumedics Neuroscan, El Paso, TX, USA).
EG signals from Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4,
T8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, O1,
z, and O2 were re-referenced to mathematically averaged ear-
obes (A1 + A2) ofﬂine. Electrooculographic activity was  collected
rom electrodes placed above and below the right orbit and on the
uter canthus of each eye to record bipolar eye movements. Inter-
lectrode impedance was less than 10 k.  Continuous data were
igitized at a sampling rate of 1000 Hz, and the band-pass ﬁlter was
et at DC to 300 Hz.
To compute PLVs, the data window was set at −500 ms  to
400 ms  relative to the onset of the search displays. To remove
ye blink-related artifacts, an independent component analysis, astistical analysis. (C) Mean (SE) normalized PLVs for each group, condition, and time
 300–400 ms  across conditions. (D) Mean (SE) normalized PLVs for each group and
 = 0.06.
implemented in EEGLAB [28], was used. The phase and amplitude
of each time × frequency × electrode × trial were computed by con-
volving the EEG signals with the Morlet wavelet (length = ±300 ms).
Trials in which the maximum amplitude exceeded 80 V were
excluded (6.8% of epochs on average). Following previous stud-
ies [15,29], PLVs ranging from 22 Hz to 34 Hz were computed for
frontal-parietal electrode pairs (F3-P3, Fz-Pz, and F4-P4). PLVs were
normalized as follows: PLVnorm = (PLV – base)/base, where base
and base indicate the mean and standard deviation, respectively,
of PLV over a baseline period ranging from 200 ms  to 100 ms  prior
to the onset of the search displays. For the statistical analysis, nor-
malized PLVs of three electrode pairs were averaged.
Response accuracy and RT were analyzed using a 2 (Group:
lower-ﬁt, higher-ﬁt) × 2 (Condition: feature, conjunction) repeated
measures MANOVA. Normalized PLVs were analyzed using a
2 (Group) × 2 (Condition) × 9 (Epoch: 100–200 ms,  200–300 ms,
300–400 ms,  400–500 ms,  500–600 ms,  600–700 ms,  700–800 ms,
800–900 ms,  900–1000 ms)  repeated measures MANOVA. Post-hoc
analyses were conducted using Bonferroni-corrected t-tests. All
statistical analyses were conducted with  = 0.05.
3. Results
3.1. Task performanceTable 2 provides mean (SD) values for task performance in each
group. Response accuracy analysis revealed signiﬁcant main effects
of Group, F(1, 30) = 5.8, p = 0.02, p2 = 0.16, with higher response
122 K. Kamijo et al. / Neuroscience Letters 632 (2016) 119–123
Table 2
Mean (SD) values for task performance.
Lower-ﬁt Higher-ﬁt
Measure Feature Conjunction Feature Conjunction
Response accuracy (%)a 96.7 (5.8) 90.4 (8.3) 99.6 (0.8) 95.7 (2.7)
a
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TReaction time (ms) 660.2 (153.3) 806.4 
a Difference between groups, p < 0.05.
ccuracy for the higher-ﬁt group than for the lower-ﬁt group, and
ondition, F(1, 30) = 45.6, p < 0.001, p2 = 0.60, with lower response
ccuracy for the conjunction search condition than for the feature
earch condition. The Group × Condition interaction failed to reach
tatistical signiﬁcance, F(1, 30) = 2.5, p = 0.13, p2 = 0.08.
As shown in Table 2, RTs were shorter in the higher-ﬁt group
han in the lower-ﬁt group, but this difference failed to reach
tatistical signiﬁcance, F(1, 30) = 2.8, p = 0.10, p2 = 0.09. The main
ffect of Condition was signiﬁcant, F(1, 30) = 168.6, p < 0.001,
p
2 = 0.85, with longer RT for the conjunction search condition.
he Group × Condition interaction was not signiﬁcant, F(1, 30) = 0.4,
 = 0.52, p2 = 0.01.
.2. Phase-locking values
Fig. 1B presents time-frequency plots of normalized PLVs
averaged across three electrode pairs) for each group and con-
ition, and Fig. 1C shows mean normalized PLVs for each group,
ondition, and time epoch. PLV analysis revealed a signiﬁcant
roup × Condition interaction, F(1, 30) = 4.3, p < 0.05, p2 = 0.13.
ig. 1D illustrates this interaction. Post-hoc analysis revealed
arginally greater PLVs across time epochs in the conjunction
earch condition than in the feature search condition for the higher-
t group, t(15) = 2.1, p = 0.06, d = 0.48. For the lower-ﬁt group, no
uch difference in conditions was observed, t(15) = 0.7, p = 0.50,
 = 0.18. Post-hoc analyses comparing the group difference within
ach condition did not reach statistical signiﬁcance for either
eature, t(30) = 0.9, p = 0.39, d = 0.31, and conjunction search con-
itions, t(30) = 1.1, p = 0.27, d = 0.40. The main effect of Epoch was
lso signiﬁcant, F(8, 23) = 7.4, p < 0.001, p2 = 0.72, but this effect
as superseded by a Group × Epoch interaction (Fig. 1C), F(8,
3) = 3.8, p = 0.005, p2 = 0.57. Bonferroni-corrected post-hoc anal-
ses (p = 0.0014) of the lower-ﬁt group revealed, across conditions,
reater PLVs for the epoch 200–300 ms  vs. epochs 300–400 ms,
00–500 ms,  500–600 ms,  600–700 ms,  700–800 ms,  800–900 ms,
nd 900–1000 ms,  and for the epoch 300–400 ms  vs. 600–700 ms.
ost-hoc analyses of the higher-ﬁt group revealed greater PLVs
or the epoch 200–300 ms  vs. epochs 100–200 ms,  300–400 ms,
nd 700–800 ms.  Post-hoc analyses comparing the group differ-
nce within each epoch did not reach statistical signiﬁcance for
ny epoch, p ≥ 0.09.
. Discussion
We  examined the association between childhood aerobic ﬁtness
nd top-down cognitive control in terms of behavioral perfor-
ance and functional connectivity among brain regions during a
isual search task. Behavioral ﬁndings showed that higher-ﬁt chil-
ren exhibited greater response accuracy than lower-ﬁt children
cross feature and conjunction conditions, suggesting that greater
hildhood aerobic ﬁtness was associated with superior cognitive
unction. Furthermore, the results of PLVs (i.e., functional con-
ectivity) indicated that higher-ﬁt children had greater functional
onnectivity in the conjunction search condition, whereas lower-ﬁt
hildren showed no difference in functional connectivity between
earch conditions. Using a similar visual search task, Phillips and
akeda [15] found that young adult participants had greater PLVs(169.9) 576.4 (142.9) 708.5 (158.0)
in the frequency band of 22–34 Hz for the conjunction search con-
dition, suggesting that top-down control is mediated by neuronal
synchrony of this frequency band. The difference in PLVs between
search conditions observed in the higher-ﬁt group of children in
the present study followed a pattern similar to that of Phillips
and Takeda’s young adults [15], suggesting that higher-ﬁt children
upregulated top-down control in the conjunction search condition.
By contrast, lower-ﬁt children may  have been unable to upregulate
top-down control during conjunction search. Thus, although dif-
ferences in behavioral performance between groups was observed
irrespective of the search condition, the PLV ﬁndings suggested that
greater aerobic ﬁtness was  associated with functional connectivity
of the brain involved in the upregulation of top-down control.
Interestingly, PLVs showed different time courses between
groups. Simply stated, the higher-ﬁt group maintained relatively
high PLVs for all epochs, especially in the conjunction search con-
dition, whereas PLVs decreased immediately after the 200–300 ms
epoch for the lower-ﬁt group. These ﬁndings imply that higher-ﬁt
children sustained upregulation of top-down control throughout
the task period, whereas lower-ﬁt children transiently upregulated
top-down control after stimulus onset (i.e., 200–300 ms  epoch)
irrespective of search condition and were unable to sustain the
upregulation. The time course difference in PLVs is consistent
with recent neuroelectric studies suggesting that the relationship
between childhood ﬁtness and cognitive control can be attributed
to differential reliance on proactive versus reactive cognitive con-
trol modes [30,31]. Proactive control reﬂects active maintenance
of task goals, whereas reactive control involves transient stimulus-
driven reactivation of task goals [32,33]. During the classic Stroop
color-naming task, for example, the sustained active maintenance
of task goals (i.e., proactive control) reduces conﬂict in incongruent
trials, resulting in a decreased interference effect [34]. Neuroelec-
tric studies [30,31] have suggested that higher levels of childhood
aerobic ﬁtness are associated with more effective utilization of
proactive top-down control. Based on these ﬁndings, the time
course difference between groups seen in the present study sug-
gests that higher-ﬁt children sustained upregulation of top-down
control, probably because of greater utilization of proactive con-
trol. This in turn may  have resulted in decreased interference from
task-irrelevant distractors and superior task performance.
Because we employed a cross-sectional design, the present ﬁnd-
ings show an association between childhood aerobic ﬁtness and
functional connectivity during a cognitive task, but not a causal
relationship. However, these results align with those of longitu-
dinal, randomized controlled intervention studies in which the
beneﬁcial effects of aerobic physical activity were disproportion-
ately observed in task conditions requiring top-down cognitive
control [5,6]. It is also noteworthy that contrary to our hypothesis,
a difference in response accuracy between groups was observed
irrespective of the search condition, and PLV differences between
groups did not reach statistical signiﬁcance. These unexpected
results might have been caused by the low statistical power associ-
ated with the between-participants’ design and the relatively small
sample size in this study. However, more importantly, the pat-
tern of PLVs depending on search conditions and time courses did
differ between groups, which is suggestive of a group difference
in the use of top-down control. The present study is the ﬁrst to
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